Plant Resistance(R) genes encode immune receptors that recognize pathogens and activate defense responses. Because of fitness costs associated with maintaining R protein-mediated resistance, expression levels of R genes have to be tightly regulated.
Arabidopsis SNC1 encodes a TIR-NB-LRR-type of R protein (Zhang et al., 2003) . The gain-of-function mutation snc1 leads to constitutive activation of the R protein and downstream defense responses without the presence of pathogens. snc1mutant plants accumulate high levels of salicylic acid (SA), constitutively express PR genes and display enhanced resistance to pathogens (Li et al., 2001 ). An epiallele of SNC1 known as bal also exhibits similar phenotypes as snc1 (Stokes et al., 2002) . Whereas the phenotypes in snc1 are caused by the deregulated activation of the R protein, the phenotypes of bal are caused by increased expression of SNC1 in the mutant. bal was recovered from plants carrying the ddm1 loss-of-function mutation, which results in a reduction in cytosine methylation throughout the genome (Vongs et al., 1993) . But no specific methylation change has been found to correlate with the increased expression of SNC1 in bal.
Recently it was shown that the overexpression of SNC1 in bal plants is caused by a 55 kb duplication within the SNC1 locus (Yi and Richards, 2009) .
A field test comparing isogenic lines that differ in the presence or absence of RPM1, an R-gene conferring gene-for-gene resistance against the bacterial pathogen Pseudomonas syringae carrying the avirulence gene AvrRpm1 or AvrB, showed that RPM1 + plants had 6 reduced seed production and shoot biomass, suggesting that there is a fitness cost associated with maintenance of R gene loci in plants (Tian et al., 2003) . In addition, overexpression of R genes Prf1 and SNC1 leads to constitutive activation of defense responses (Oldroyd and Staskawicz, 1998; Stokes et al., 2002) , which is detrimental to plant growth. On the other hand, under-expression of R genes can result in loss of R protein function. For example, mutations in EDM2 leads to reduced expression of the resistance gene RPP7 and loss of RPP7-mediated resistance to Hyaloperonospora arabidopsidis isolate Hiks1 (Eulgem et al., 2007) . EDM2 belongs to a plant-specific protein family with typical features of transcriptional regulators.
In rice, expression of the R gene Xa3 is regulated by both genetic backgrounds and developmental stages and expression levels of Xa3 correlate with the levels of resistance to Xanthomonas oryzae pv. oryzae (Cao et al., 2007) . Moreover, avrXa27 activates resistance responses through induction of the expression of its cognate R gene Xa27 (Gu et al., 2005) . Thus, controlling the expression levels of R genes plays important roles in the regulation of plant defense responses. In a snc1 suppressor screen that identified multiple mos mutants affecting signal transduction downstream of snc1 (Zhang and Li, 2005) , we also found multiple alleles of mos1 that inactivate snc1 through repression of the SNC1 locus, suggesting that MOS1 plays an important role in maintaining the expression of SNC1.
Results

Identification and characterization of mos1 mutant alleles
Arabidopsis npr1 is required for SA-induced PR gene expression (Dong, 2004) . In snc1 npr1-1 mutant plants, PR gene expression and pathogen resistance are constitutively activated (Li et al., 2001) . A classical suppressor screen was carried out to identify genes required for activation of defense responses in the snc1 or snc1 npr1mutant using fast neutron-mutagenized populations (Zhang and Li, 2005) . Multiple genes have been reported to be required for snc1-mediated resistance (Zhang et al., 2003 ) (Palma et al., 2005 Zhang et al., 2005; Zhang and Li, 2005; Goritschnig et al., 2007; Palma et al., 2007;  www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2010 American Society of Plant Biologists. All rights reserved. Goritschnig et al., 2008; Monaghan et al., 2009) . From the same mutant screen, two alleles of mos1 (mos1-1 and mos1-2) were also identified. A third allele of mos1, mos1-3, was recovered from a T-DNA mutant population in the snc1 background. The mos1-1 snc1 npr1-1, mos1-2 snc1 and mos1-3 snc1 plants are similar to wild type Col-0 plants in size ( Figure 1A) . Backcrossing of mos1-1 snc1 npr1-1 and mos1-2 snc1 to snc1 showed that all F1 plants were snc1-like, indicating that mos1-1 and mos1-2 are both recessive mutations.
In snc1 mutant plants, PR gene expression is constitutively activated. As shown in Figure   1B and 1C, the expression of PR1 and PR2 in snc1 is suppressed by the mos1 mutations.
In snc1 mutant plants, SA also accumulates to high levels (Li et al., 2001) . To determine whether mos1-1 and mos1-2 affects the SA level in snc1, total SA and free SA in mos1-1 snc1 npr1 and mos1-2 snc1 plants were extracted and quantified. As shown in Figure 1D and 1E, both free SA and total SA in snc1 are dramatically reduced by the mos1-1 and mos1-2 mutations.
To test whether constitutive pathogen resistance in snc1 is affected by the mos1 mutations, mos1-1 snc1 npr1 and mos1-2 snc1 plants were inoculated with the virulent oomycete pathogen Hyaloperonospora arabidopsidis (H. a.) Noco2. While snc1 and snc1 npr1 plants were resistant to the pathogen, the mos1-1 snc1 npr1 and mos1-2 snc1plants completely lost the enhanced resistance in snc1 ( Figure 1F ).
MOS1 encodes a protein with a BAT2 domain that is conserved in plants and animals
To map the mos1-1 mutation, mos1-1 snc1 (in the Col-0 ecotype background) was crossed with Landsberg erecta (Ler) in which the snc1 locus has been introgressed to generate a segregating F2 population. Crude mapping showed that mos1-1 is located south of snc1 on chromosome 4. Unfortunately the region where mos1-1 is located is derived from the Col-0 ecotype in the Ler-snc1 line. Thus, for fine mapping, mos1-1 snc1 was crossed with Ler. Plants with snc1-like morphology were selected from the F2 population. These plants should be homozygous for the snc1 mutation and heterozygous 8 for the mos1-1 mutation due to recombination. About 800 F3 plants derived from the F2 lines that were homozygous for snc1 and heterozygous for mos1-1 were genotyped with the markers T13J8 and F16G20. The mos1-1 mutation was further mapped to a 110 kb region between marker F22K18 and F6I7 after analyzing recombinants between T13J8 and F16G20 (Figure 2A ).
To search for the molecular lesion in mos1-1, the region between F22K18 and F6I7 in mos1-1 snc1 was amplified by PCR and sequenced. Comparison with the Col-0 sequence showed that mos1-1 contains an 8 bp deletion in the coding region of AT4G24680 ( Figure   2B ). PCR analysis on mos1-2 snc1 revealed that the 3' half of At4g24680 was deleted in mos1-2 snc1. Expression of MOS1 in mos1-2 was dramatically reduced ( Figure 2C ). The third allele of mos1, mos1-3, was isolated after we cloned the MOS1 gene. Inverse PCR showed that mos1-3 contains a T-DNA insertion in the promoter region of MOS1, which abolished MOS1 expression in mos1-3 ( Figure 2C ). Two T-DNA alleles of mos1, mos1-4 and mos1-5, were also found in the Salk T-DNA collection. RT-PCR analysis showed that the expression of MOS1 was blocked in mos1-4 and mos1-5 ( Figure S1 ), indicating they are loss-of-function alleles.
Analysis of the cDNA sequence of MOS1 revealed that it encodes a large protein with 1412 amino acids. The N-terminus of MOS1 contains a conserved BAT2 (HLA-B associated transcripts 2) domain ( Figure 2D ). BLAST search of the GenBank showed the N-terminal domain of MOS1 is similar to the mouse BAT2 protein with an E value of 8 ×
10
-5 . The rest of the protein is rich in hydrophilic residues. A nuclear localization signal (PKKGNKR, amino acid 1192-1198) was found at the C-terminus of MOS1. Proteins with BAT2 domains are present in most multicellular organisms, most of which contain the BAT2 domain at the N-terminus and a large region with mainly hydrophilic residues at the C-terminus. The function of the BAT2 domain is unknown. Alignment of the BAT2 domains from various proteins containing this domain is shown in Figure 3 .
To detect MOS1 protein, we generated a MOS1-specific antibody in rabbit using a fragment of MOS1 containing the N-terminal 235 amino acid. 9 of detecting 0.006 ng of recombinant protein expressed in E. coli ( Figure S2 ). The steady-state protein levels of MOS1 in plants appear to be very low, as we were not able to detect the protein using this antibody. In addition, we were not able to detect the MOS1 protein in transgenic plants expressing MOS1-GFP or MOS1-3xFLAG fusion protein under either its native promoter or the constitutive 35S promoter using commercial anti-GFP and anti-FLAG antibodies, suggesting that the level of MOS1 is extremely low in Arabidopsis. Analysis of MOS1 expression using the microarray database at TAIR found no obvious induction of its expression under various biotic and abiotic treatments.
MOS1 regulates SNC1 expression levels at chromatin level
Since mos1 was one of the most complete suppressors of snc1, we first hypothesized that MOS1 may function in defense signal transduction. However, we found that mos1 single mutants exhibit no defects in basal resistance against the bacterial pathogen Pseudomonas syringae pv maculicola (P.m.a.) ES4326 ( Figure 4A ). In addition, resistance to H. a. Emwa1 mediated by RPP4, an R protein closely related to SNC1, is not affected by the mos1 mutations ( Figure 4B ), suggesting that MOS1 may not be a general signaling regulator functioning downstream of snc1.
We then tested whether mos1 mutations affect the expression of snc1 by comparing the expression levels of snc1 in mos1-1 snc1 npr1-1, mos1-2 snc1, mos1-3 snc1, snc1, snc1 npr1 and wild type plants. As shown in Figure 5 , snc1 expression is reduced about threefold in mos1-1snc1npr1-1, mos1-2snc1 and mos1-3snc1 mutant plants compared to that in wild type, suggesting that MOS1 is required for maintaining proper expression levels of snc1. Reduction of SNC1 expression was also observed in the mos1 single mutants ( Figure S3 ).
To determine whether mos1 mutations affect SNC1 expression in a locus-specific manner, we transformed a genomic clone (pSNC1::snc1) expressing the snc1 mutant gene under its own promoter into wild type and mos1-2 snc1 plants (Zhang et al., 2003) . The size of the promoter fragment used is 1.8 kb. As shown in Table 1 Figure 6A ). Similar results were obtained when snc1 was expressed under a 2.5 kb promoter fragment. These data suggest that mos1-2 is not able to suppress the expression of the snc1 transgene inserted elsewhere in the genome.
To further confirm that expression of snc1 in transgenic plants does not require MOS1, we crossed the mos1-3 mutation into a transgenic line expressing the mutant snc1-GFP fusion protein under its own promoter. The expression level of the snc1-GFP transgene is comparable to that of the endogenous wild type SNC1 ( Figure S4 ). As shown in Figure   6B , the snc1-like morphology in the transgenic plants is not affected by the mos1-3 mutation. In addition, the expression levels of PR-1 in the transgenic line are not altered by the mos1-3 ( Figure 6C ). These data suggest that MOS1 regulates the expression of snc1 in a locus-specific manner, probably at the chromatin level.
ddm1 releases the repression of snc1 expression in mos1-1 snc1 npr1 plants Arabidopsis ddm1 was originally identified in a screen for mutants with decreased cytosine methylation (Vongs et al., 1993) . ddm1 mutations lead to reduced 5-methylcytosine levels throughout the genome. DDM1 encodes a SWI2/SNF2-like protein that most likely functions in chromatin remodeling (Jeddeloh et al., 1999) and it is required for maintenance of gene silencing in Arabidopsis (Jeddeloh et al., 1998) . To test whether silencing of the snc1 locus caused by the loss of MOS1 function requires DDM1, we crossed mos1-1 snc1 npr1-1 with ddm1-8 (SALK_093009), an allele of ddm1 that contains a T-DNA insertion at the 3' end of DDM1 ( Figure S5A ). RT-PCR analysis showed that the full-length cDNA of DDM1 was no longer expressed in the mutant ( Figure S5B ). Like other ddm1 alleles, ddm1-8 causes hypomethylation of the 180 bp centromere repeats in addition to the 5SRNA locus ( Figure S5C and 5D ).
As shown in Figure 7A ( Figure S6 ). Constitutive expression of PR1 and PR2 and resistance to H. a. Noco2 were also restored in ddm1-8 mos1-1 snc1 (Figure 7B-D) . Real-time RT-PCR analysis showed that snc1 expression in ddm1-8 mos1-1 snc1 is reverted to the level in wild type ( Figure   7E ), suggesting that ddm1 releases the silencing of the snc1 locus in mos1-1 snc1 npr1-1.
These results indicate that MOS1 may be involved in regulating chromatin structure at the snc1 locus antagonistic to DDM1. mos1 alters methylation of DNA upstream of SNC1
As DDM1 functions as a putative chromatin remodeling factor and loss of DDM1 function results in reduced DNA methylation, alteration of chromatin structure may cause changes in DNA methylation. To determine whether methylation of DNA upstream of SNC1 is altered in mos1 mutant plants, bisulfite conversion sequencing was performed on the regions upstream of SNC1. We only detected DNA methylation in a region about 3 kb away from the coding region of SNC1 ( Figure S7 ). The methylation levels in various genotypes are shown in Figure 8 . mCG level decreased dramatically in the first three CG sites in snc1, compared to that in wild type plants. The mos1-1 mutation has no obvious effect on CG methylation at these sites ( Figure 8A ). Interestingly, methylation levels at two of the eight CNG sites are clearly increased in snc1 plants and reduced in mos1-1 snc1 npr1 and mos1-1 snc1 mutants ( Figure 8B ). The difference in methylation at the CHH sites is even more dramatic. As shown in Figure 8C , methylation levels at seven of the ten CHH sites are increased in snc1 plants and reduced close to wild type levels in mos1-1 snc1 npr1 and mos1-1 snc1 mutants. These data further support that MOS1 is involved in the regulation of the chromatin structure and DNA methylation at the SNC1 locus.
Discussion
Here we report that MOS1 regulates snc1-mediated resistance responses by fine-tuning expression of snc1 in a locus-specific manner. Secondly, suppression of snc1 expression in the mos1 mutant plants can be reversed by knocking out the known epigenetic regulator DDM1, which functions in chromatin remodeling and DNA methylation (Vongs et al., 1993) . Finally, mos1 mutations result in alterations of DNA methylation in a region upstream of SNC1.
MOS1 encodes a large protein with a BAT2 domain at its N-terminus. BAT2 domains are found in large proteins with similar features from many plant and animal species. The BAT2 domain is found at the N-terminus, and the rest of the protein consists of mainly hydrophilic residues. None of these proteins have previously been functionally characterized. Our studies on MOS1 suggest that this family of proteins may function in regulating gene expression at the chromatin level. In the mos1 mutants, the expression of RPP4, a resistance gene next to SNC1, was also modestly reduced ( Figure S8 ). This is consistent with the previous report that genes in the RPP4 cluster are coordinately regulated at the transcription level (Yi and Richards, 2007) . In addition to loss of snc1-mediated immune responses, the mos1 mutant plants also displayed late flowering phenotype ( Figure S9 ), suggesting that MOS1 also regulate gene expression at other loci.
In the mos1 mutants, alteration of DNA methylation was observed in a region upstream of SNC1. Because no obvious correlation was found between the observed methylation changes and the reduced expression levels of snc1, reduction of snc1 expression was not caused by these methylation changes. Since BAT2 domain-containing proteins similar to MOS1 are present in a wide range of eukaryotes including species with no DNA methylation such as C. elegans, MOS1 may not function on DNA methylation directly.
Rather, MOS1 probably functions as a regulator of chromatin structure, and the silencing of SNC1 in mos1 mutants is probably caused by changes in the chromatin structure around the SNC1 locus. The alteration of DNA methylation may also be a result of chromatin structure change. Interestingly, we also observed methylation differences in some of the sites between wild type and snc1. It is unclear how these changes arose.
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In ddm1 mutant plants, the expression of SNC1 is comparable to that in the wild type plants, suggesting that ddm1 mutations do not directly cause up-regulation of the SNC1 locus. Interestingly, the suppression of snc1 expression in mos1 mutant plants was reversed by knocking out the function of DDM1, suggesting that MOS1 and DDM1 function antagonistically to fine-tune the expression of SNC1 at the chromatin level. It remains to be determined whether regulation of R gene expression at chromatin level is a common phenomenon.
Materials and Methods
Mutant Screen and Characterization
All plants were grown under 16 hour light at 23°C and 8 hour dark at 20°C. mos1-1 snc1 npr1 was identified from a fast neutron-treated snc1 npr1 mutant population while mos1-2 snc1 was identified from a fast neutron-treated snc1 mutant population as previously described (Zhang et al., 2003) . mos1-3 was isolated from T2 plants of a T-DNA population consisting of approximately 60,000 independent T1 transgenic lines generated by transforming snc1 with pSKi015 (Weigel et al., 2000) . The T-DNA insertion site in mos1-3 was identified by inverse PCR.
Seeds of mos1-4 (salk_126709), mos1-5 (salk_074876) and ddm1-8 (salk_093009) were obtained from the Arabidopsis Biological Resource Center (ABRC). Homozygous plants were identified by PCR using primers flanking the insertion. ddm1 mos1-1 snc1 triple mutant was generated by crossing ddm1-8 with mos1-1 snc1-1 npr1 and genotyping the F2 population. The primers used to identify the mos1-1 mutation are MOS1-WT (5' -gttattgcttgagacaccttc-3') and 43950R (5' -aaggcaatgatgcttggcag-3').
Infection of H. a. Noco2 was performed on 2-week-old seedlings by spraying with a H. a.
Noco2 spore suspension at a concentration of 5 x 10 4 spores per ml of water. The plants were kept at 18 °C in 12 h light/12 h dark cycles with 95% humidity, and the infection was scored 7 days after inoculation by counting the number of conidiaspores per gram of leaf tissue using a hemocytometer. For gene expression analysis, RNA was extracted from twelve-day-old seedlings grown on Murashige and Skoog (MS) medium at 23°C under 16-h-light/8-h-dark cycles using Takara RNAiso reagent. Reverse transcription (RT) was carried out using the M-MLV RTase cDNA synthesis kit from Takara. Real-time PCR was performed using the SYBR Premix Ex (Takara). All expression analysis was performed on three batches of independent grown plants. The primers used for amplification of Actin1, PR-1 and PR-2 were described previously (Zhang et al., 2003; Zhang et al., 2003) . The primers for amplification of SNC1 are SNC1-F (5' -gaatcgaatgtctctatctgc-3') and SNC1-R (5' -ctgtaaagtcggcgagctca-3'). Salicylic acid was extracted and measured using a previously described procedure (Li et al., 1999) .
Map-based cloning of mos1
Mapping markers were designed based on the Monsanto Arabidopsis polymorphism and -1 snc1 npr1-1,   mos1-2 snc1, mos1-3 snc1, snc1, and snc1 npr1-1. (B-C) PR gene expression in wild type, mos1-1 snc1 npr1-1, mos1-2 snc1, mos1-3 snc1 and snc1 seedlings. Total RNA was extracted from twelve-day-old seedlings grown on 
